The impacts of climate change on the discharge regimes in New Brunswick (Canada) were analyzed, using artificial neural network models. Future climate data were extracted from the Canadian Coupled General Climate Model (CGCM3.1) under the greenhouse gas emission scenarios B1 and A2 defined by the Intergovernmental Panel on Climate Change (IPCC). The climate change fields (temperatures and precipitation) were downscaled using the delta change approach. Using the artificial neural network, future river discharge was predicted for selected hydrometric stations. Then, a frequency analysis was carried out using the Generalized Extreme Value (GEV) distribution function, where the parameters of the distribution were estimated using L-moments method. Depending on the scenario and the time slice used, the increase in low return floods was about 30% and about 15% for higher return floods. Low flows showed increases of about 10% for low return droughts and about 20% for higher return droughts. An important part of the design process using frequency analysis is the estimation of future change in floods or droughts under climate scenarios at a given site and for specific return periods. This was carried out through the development of Regional Climate Index (RCI), linking future floods and droughts to their frequencies under climate scenarios B1 and A2.
Introduction
There is currently a broad scientific consensus that the global climate is changing in ways that are likely to have a profound impact on human society and the natural environment over the coming decades. Climate change and its impacts on a global scale are the focus of intense, broad-based international research efforts in natural and social sciences. However, understanding the nature and potential consequences of climate change at regional scales remains a challenge. Moreover, it has been recognized that changes in the frequency and magnitude of extreme weather events are likely to have more substantial and widespread impacts on the environment and human activities than changes in the average climate.
A number of extreme events (with significant impacts on the environment and socio-economic activities) have been observed during the last decade, including severe floods and droughts as well as extreme heat around the world. These extreme events have caused serious risks to the health of populations as well as to ecosystems and have had severe economic consequences on sectors such as agriculture and water resources. Anticipating specific climatic impacts is thus, as much of a challenge in assessing risks and uncertainties than predicting future changes. As such, it is important: 1) to improve our ability to manage extreme climatic risks, 2) to assess the consequences of extreme events over the next decades, and 3) to develop new tools and design criteria to more accurately assess the impact of extreme events on water resources and river discharge (e.g., floods and droughts).
In Atlantic Canada over the next 100 years, the mean surface air temperature is expected to increase by 2 to 6˚C [1] , contributing to potentially large reductions in streamflow [2, 3] and significant impacts on aquatic resources [4] . The demand for water withdrawal from rivers (e.g. irrigation, drinking water, etc.) and maintaining adequate instream flow for the protection of aquatic resources are tenuously balanced, and represent an ongoing challenge in water resources management. Many rivers in eastern Canada have recently experienced record low flow conditions, coupled with record high water temperatures [5] [6] [7] , and an increase in water withdrawal.
The study was carried out in New Brunswick, Canada (NB), which lies on Canada's Atlantic coast. Rainfall, snowmelt, and groundwater all contribute to river flow, producing seasonal and annual variations. High flows are generally the result of spring snowmelt, although heavy rainfall can also cause high flows and floods, especially in small streams. Low flows generally occur in late summer, when precipitation is low and evaporation is high, and in late winter, when precipitation is stored until spring in the form of ice and snow.
Flood studies in New Brunswick, Canada (NB) were carried out over 20 years ago [8] and were recently updated [9] , using two distributions functions, namely the 3-parameter lognormal (LN3) and the generalized extreme value (GEV) distributions.
In Aucoin et al. [9] , single station analysis was carried out for the same hydrometric stations analyzed earlier by Environment Canada and New Brunswick Department of Municipal Affairs and Environment [8] . In addition, a regional flood frequency analysis was carried out using both regression equations and the index flood approach. In general, the results were consistent with those from early studies [8, 9] . However, it was observed that updateing the flood information resulted, for many stations, in an improvement of flood estimates.
Low flows were also analysed in New Brunswick [10, 11] . This analysis consisted in fitting the Annual Minimum Flow (AMF) to a Type III extremal distribution (3-parameter Weibull) function and calculating the discharge for different recurrence intervals. The low flow frequencies were calculated for 1-day, 7-day and 14-day durations and for different recurrence intervals (e.g., 2-year, 10-year, 20-year and 50-year). Following the single station analysis, a regression analysis was carried out in order to estimate low flows on a regional basis and for ungauged basins. Missing from these previous studies were the projections of future floods and low flows conditions under climate change. As such, this aspect will be addressed within the present study.
Data and Method
The present study analyses the climate change impacts on the discharge regimes of several catchments in New Brunswick. The hydrological response for given climate scenarios was simulated using artificial neural network models. Future climate data were extracted from the Canadian Coupled General Climate Model (CGCM) under different greenhouse gas emission scenarios defined by the Intergovernmental Panel on Climate Change [12] . Using an artificial neural network model, future river discharge was predicted for selected hydrometric stations. A frequency analysis was then carried out using the above described distribution functions, and the parameters of the distribution were estimated using L-moments method [13] .
Global Climate Model
General Circulation Models (GCMs) are based on mathematical representations of atmosphere, ocean, ice cap as well as land surface processes. These models are used for simulating the response of the global climate system to increasing "greenhouse gas" concentrations. Historically, gross CO 2 emissions have increased at an average rate of 1.7% per year since 1900 [13] and if this trend continues, global emissions would increase more than six fold by 2100. Different scenarios have been presented by the Intergovernmental Panel on Climate Change (IPCC) [12] which reflects a variety of CO 2 concentrations over the next 100 years. While the complexity of the global climate system is well captured by these models, they are unable to represent local scale features and processes due to their limited spatial resolution. Large geographic areas (e.g. 50,000 to 300,000 km 2 ) represent the basic unit of GCMs. In the present study the Canadian Global Coupled Model CGCM 3.1/T63, from CCCma, (Canadian Centre for Climate Modeling and Analysis), was used. This model has a geographic areas represented by a grid of approximately 2.81˚ latitude by 2.81˚ longitude (~60,000 km 2 ). In New Brunswick, a few grids points cover the entire province. At odds with GCM resolution is the fact that most researchers are focusing on the impacts of climate change primarily at the local and regional scales rather than focusing on large or global-scale changes. Therefore, downscaling of data is often used, and the delta change approach will also be used in the present study. The time-slice simulations follow the IPCC "observed 20th century" 20C3M scenario for years 1970-1999 and the Special Report on Emission Scenarios (SRES) B1 and A2 for years 2010-2100 [12] .
Data Processing
Average temperatures in New Brunswick range from −10˚C in January to 19˚C in July. New Brunswick receives approximately 1100 mm of precipitation annually, with 20% to 33% falling in the form of snow [14] . Precipitation tends to be highest in southern parts of the province whereas the northern part of New Brunswick receives relatively higher amounts of precipitation in the form of snow due to colder winters.
Daily maximum and minimum air temperatures and total precipitation data from seven meteorological stations in New Brunswick were obtained from Environment Canada's National Climate Data Archive (Table 1, Figure 1 ). Air temperature data were available from dates going back as far as 1895 for some stations whereas precipitation data goes back t 1929 (Aroostook). Daily o statistical downscaling techniques. In fact, Fowler et al. [17] noted that, if reproducing the mean characteristics are the main objectives, then simple statistical downscaling methods can perform as well as more sophisticated approaches. Changes in mean climate are applied as follows: For air temperatures: Simulated monthly maximum and minimum air temperatures and total precipitation for the period of 1970-2100 was obtained from CCCma. The atmosphere model output was provided on a 128 × 64 Gaussian grid. Figure  1 shows the sub-region of four tiles corresponding to New Brunswick.
For precipitation:
where delta is the difference between the GCM simulated mean temperature (from the future time period) and the historic mean temperature . fact is the ratio of the GCM simulated mean precipitation from the future time period relative to the historic period.
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When using simulated data from the CCCma model, an Inverse Distance Weighting (IDW) method was used to compute data corresponding to each meteorological site. This is a method for multivariate interpolation, a process of assigning values to unknown points by using values from usually scattered set of known points. The interpolated data were then downscaled using delta change approach [15, 16] . This approach to downscaling of GCMs for hydrological modeling is one of the simpler
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where month is the month of year (1, 2, ···, 12), T is the air temperature (min or max) and P is the precipitation. The model is characterized by:  Learning algorithm: back-propagation with Levenberg-Marquard method and early stopping;  Training and validation data: 85% of data;  Testing data: 15% of data;  Hidden layer: 8 to 12 neurons.
It was observed that the extreme discharge events were better predicted using a 
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Results
Method Evaluation
The ANN model showed a coefficient of determination, R 2 , ranging between 0.69 and 0.79 in the prediction of monthly flows . High flow predictions showed higher R 2 (0.85 -0.92) than low flow predictions (0.66 -0.82). Using the results from the Doaktown site (in close proximity SW Miramichi River) as an example, Figure 2 shows how well the ANN model coupled with a Ln-Ln model simulated monthly ave , max and min Q between 1985 and 1990 compared to observed discharge values when using historical input data (precipitation and temperature). Results here are typical of the whole study period. This figure shows that simulated discharges coincided fairly well with the observed discharges. It should be noted that input data consisted of local historical observations at the Doaktown station. As such, the ANN model and regression equations were effective in predicting the different flow components using historical data [16] . Table 3) . Precipitation (mean annual precipitation) is projected to increase significantly compared to current climate conditions ( Table  4) . At Doaktown, the precipitation will most likely increase from approximately 1140 mm annually to 1200 mm annually (B1 scenario) and to 1440 mm annually (A2 scenario) within the next hundred years. This represents an increase in precipitation of 5.1% (B1) and 14.6% (A2) compared to current conditions. Greatest increases are projected at the Moncton site ( Table 4) . Other sites show similar increases depending on the time slice and climate scenario. In general, the mean annual precipitation is expected to increase by 2% -6% under the B1 scenarios and by 5% -15% under the A2 scenario for the province of New Brunswick. 
Floods and Droughts under Future Climate Change
Using the projected maximum and minimum river discharge for each station, events of different recurrence intervals were computed using the generalized extreme value (GEV) distribution. The parameters of the GEV for both high and low flows were estimated by the method of L-moments and the goodness of fit was assessed by the Anderson-Darling statistics. As such, the discharge of different recurrence intervals (high and low flows) was based on the maximum (and minimum) daily flow recorded each year. The frequency analysis show that for all sites under investigation, the intensity and frequency of discharges will most likely increase in severity for both climate scenarios. The increase in high flows for low return floods (e.g., 2-year) was generally higher than higher return floods (e.g. 100-year). Depending on the scenario and the time slice used, the increases for low return floods was about 30% whereas increases was about 15% for higher return floods. Low flows showed increases of about 10% for low return droughts and about 20% for higher return droughts. These results show that floods will most likely experienced a greater change for low recurrence intervals (e.g., 2-year) whereas the droughts will be most affected for higher recurrence intervals
Regional Climate Index (RCI)
An important part of the design process using frequency analysis is the estimation of future change in floods or droughts under climate scenarios at a given site for specific return periods or recurrence intervals. This analysis was carried out through the application of regional regression models linking floods and droughts to their frequencies under future climate scenarios (B1 and A2). To accomplish this, a so-called Regional Climate Index (RCI) was introduced. This index was calculated by dividing future flows over historical flows, while maintaining the same characteristics parameters. This RCI can be expressed as follows:
For floods:
, , ,2010 , ,
For droughts:
, , ,2010 , , The RCIs were obtained through regression analyses using historical and future simulated floods (and low flows). In all cases, the coefficient of determination, R 2 , was about 0.99. These RCIs were developed for the whole province of New Brunswick, as future projections may contain some uncertainty at the site level. Tables 6  and 7 show the regression equations while Figures 3 and   4 show the RCI for floods and droughts for different return periods, for both scenarios B1 and A2 and for the different time periods. Figure 3 show that low return floods will increase by a factor of 1.3 to 1.4 whereas higher return floods will only increase by 1.05 to 1.1 (scenario B1). Under the scenario A2, the increase will be more important (1.35 to 1.56 for low return flood and 1.16 to 1.21 for high return floods). Figure 4 shows that droughts of low return periods will be less affected than higher return drought. However, in all cases, the severity of droughts will diminish, as an increase in flows is projected. The future high and low flows in New Brunswick may therefore be estimated by:
,
When expressed in percentage, it can be observed than future floods will most likely be higher than current floods by 30% -40% (B1) or 35% -55% (A2) for 2-year floods (Figure 3) . Higher return floods (e.g. 100-year) are also expected to increase but not to the same extent as low return floods. For example, 100-year floods are projected to increase by 5% -12% (B1) or 8% -21% (A2). Figure 4 shows that future low flows would most likely be higher than current low flows. For instance, a 2-year low flow could be 9% -12% higher under the B1 scenario or 10% -19% higher under the A2 scenario. Higher return (e.g. 100-year) low flows would most likely be less severe than current conditions. The increase in low flow discharge is expected to be in the range of 11% -20% (B1) and 18% -27% (A2).
Conclusion
Climate change will undoubtedly alter floods and droughts in New Brunswick. The success of industries (e.g., agriculture, forestry, fisheries and others) is intrinsically linked to climate and river flow, making New Brunswick particularly vulnerable to the impacts of climate change. Undoubtedly, these industries (among others) will be significantly affected by warmer and wetter climates with a potential shift in the availability of water during some seasons (e.g., summer and fall). Adaptation will be essential to maintaining the viability of some industries within the province. The hydrological response of seven catchments to two emission scenarios was simulated using artificial neural network (ANN). It was observed that air temperature in New Brunswick will increase by as much as 5.2˚C by 2100. This rate of warming is much greater than that observed in the 20th century but is consistent with that predicted by Parks Canada [1] and Houghton et al., [21] for the Atlantic Provinces.
As for precipitation, the mean annual precipitation showed an increase of 9% -12% compared to current conditions.
The frequency analyses showed that flood magnitude would most likely increase by 11% -21% towards the end of the century, depending on the emission scenario used. In term of low flows, the model is predicting a 20% -26% increase towards the end of the century. This increase in low flow is most likely linked to the increase in precipitation in the future. Finally, future high and low flows were estimated by the introduction of a Regional Climate Index (RCI) for the province of New Brunswick. This RCI for floods and droughts was defined as the mean ratio of future discharge relative to the historic flow. As such, RCIs can used to estimate future floods and droughts conditions within the study area.
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